Neutrophils are innate immune cells involved in the initial inflammatory response and in the pathogenesis of rheumatoid arthritis (RA), an inflammatory joint disease. They produce cytokines, chemokines, proinflammatory mediators and secrete enzymes causing a direct destruction of cartilage and bone. Herein we investigated the ability of neutrophils to express the receptor activator of nuclear factor kappa-B ligand (RANKL) and to interfere with maturation of late pre-osteoclasts. The distribution of bone marrow (BM) Ly6G+ cells expressing RANKL was evaluated after BM cell dye labelling and transfer into zymosan-injected SCID recipient mice. Specific tartrate-resistant acid phosphatase (TRAP) staining was used to determine the number of multinucleated mature osteoclasts in the co-cultures of purified blood neutrophils with preosteoclasts. Ly6 G+ BM cells migrated extensively in synovial fluid and spleen of recipient zymosan-injected SCID mice. Labelled neutrophils have higher RANKL expression in synovial fluid unlike in spleen indicating that they obtained specific phenotype during their migration to the synovial fluid. Blood neutrophils increased the number of multinucleated mature osteoclasts in vitro. This effect was elicited by the pretreatment of neutrophils with interleukin (IL)-17. In summary, our study showed neutrophils's properties to accelerate joint damage via RANKL and interactions with osteoclasts.
Introduction
Neutrophils play a key role in the perpetuation of inflammatory immune response in certain pathologic conditions such as rheumatoid arthritis. They acquire specific phenotype and functional state during disease development [1] . For example, neutrophils from RA patients highly express and secrete the pro-inflammatory cytokines tumor necrosis factor (TNF)-α and oncostatin M [2] [3] . They show enhanced inflammatory NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) and STAT (signal transducer and activator of transcription) pathways and up-regulated Fcγ, complement and Toll-like (TLR) receptors, all delivering activation signals [4] . Recently, it has been shown that neutrophils can be a source of IL-17 [5] , a key cytokine found in the synovial fluid and serum during the early stage of disease [6] . Indeed, arthritic neutrophils produce spontaneously IL-17 and their elimination with specific 1A8 antibody decreases IL-17 levels in both synovial fluid and blood [5] . Neutrophils from arthritic mice produce interferon (IFN)-γ and show specific phenotype of double IFN-γ+ IL-17+ cells in synovial fluid and of single IFN-γ+ or IL-17+ cells in circulation [5] . In addition, neutrophils have prolonged half-life and secrete a variety of mediators that contribute to pain and tissue damage like prostaglandins, leukotrienes, oxygen species and proteolytic enzymes [4] .
Recently, it has been found that neutrophils from RA patients express RANKL and RANK and secrete osteoprotegerin (OPG), a decoy receptor which competes with RANKL for RANK binding [7] . RA environment contributes to RANKL expression because the molecule is found on neutrophils from healthy donors incubated with RA serum [7] . In our previous study, we have detected RANKL expression on blood and synovial fluid neutrophils isolated from mice with zymosan-induced arthritis [5] . In vitro the surface RANKL is found on healthy mature mouse neutrophils from BM and circulation after incubation with exogenous IL-17 [5] .
However, it is still unclear whether the migration of neutrophils bearing RANKL is directed specifically to synovial fluid. In the present study, we investigated the distribution of labelled neutrophils and their surface RANKL expression after transfer into recipient SCID mice. We also evaluated the ability of neutrophils to alter osteoclast maturation.
Material and Methods

Mice and Knee Injection
BALB/c and SCID (CB17™) mice were purchased from the Charles River Laboratories. Mice were kept under standard conditions of a 12 h -12 h light-dark cycle and fed with a laboratory diet and water ad libitum. All experiments were approved by the Animal Care Committee at the Institute of Microbiology, Sofia in accordance with the National and International Guidelines. After anesthesia (sodium pentobarbital, 50 mg/kg and buprenorphinehydrochloride, 0.1 mg/kg; intraperitoneal injection; both from Sigma-Aldrich, Munich, Germany) mice were injected at knee cavity with 10 µl of zymosan suspension (20 mg/ml; Sigma-Aldrich, Munich, Germany) or 10 µl of sterile phosphate-buffered saline (PBS; control group). Mice were monitored for knee swelling and redness at day 1 and 3. The experiment was repeated 3 times.
Neutrophil Purification and Flow Cytometry
BM cells were collected from the tibia and femur of BALB/c mice. Exclusion dye staining with 0.05% Trypan blue showed more than 95% viable cells in isolated population. The cells were laid on gradient of 75%, 65%, 55% Percoll in 0.15 M NaCl (GE Healthcare, Diegem, Belgium). Mature neutrophils from the 65%/75% interface and the upper part of the 75% layer were harvested, washed and counted. Cell smears were prepared and Gimsa stained for evaluation of nuclear segmentation. Blood neutrophils were isolated from heparinized blood of BALB/c mice as previously described [8] . The population contains more than 95% viable cells.
BM and blood neutrophils were resuspended at concentration of 1 × 10 5 /ml in 2% fetal calf serum (FCS)/ PBS/1 mm EDTA. They were stained with antibodies against Ly6G (clone 1A8) and CD11b (clone M1-70; both from BioLegend, Cambridge, UK) for 15 minutes. RANKL expression was determined after cell labelling with biotinylated anti-RANKL antibody (Abcam, London, UK) or isotype control (BioLegend, Cambridge, UK) for 20 minutes followed by avidin-FITC (BD Biosciences, San Diego, USA) staining for 15 minutes as previously shown [9] . The cell samples were subjected to flow cytometry analysis using BD LSR II cytometer with BD FACSDiva v6.1.2 Software (Becton Dickinson, San Jose, USA). BM and blood populations consist of 80% -89% positive cells for Ly6G.
Cell Transfer
Freshly isolated BM Ly6G+ cells from BALB/c mice were resuspended at concentration 1 × 10 6 /ml in warm PBS containing Cell Trace Violet dye™ (2 µM; Invitrogen, Carlsbad, USA). The cells were incubated for 10 minutes, 37˚C, in the dark. Any unbound dye was quenched by adding the same volume of FCS for 5 minutes. After washing with prewarmed 10% FCS/RPMI medium, neutrophils were resuspended in 5% FCS/RPMI at concentration 1 × 10 9 /ml. SCID mice (n = 5/group) were intravenously injected with 100 µl of cell suspension (1 × 10 8 cells/mice). At the time of cell transfer mice were injected in the knee cavity with zymosan or PBS as described above. At day 3 blood, BM, spleen and synovial fluid were collected. Cell populations were prepared and Violet dye+Ly6G+ cells were determined by flow cytometry.
Osteoclast Differentiation and Maturation
BM cells were collected, washed, counted and resuspended at 2 × 10 6 /ml in 10% FCS/Minimum Essential Medium Eagle (MEM) medium (Lonza, Verviers, Belgium). They were incubated for 1 day with medium containing macrophage colony-stimulating factor (M-CSF; 100 ng/ml; PeproTech, London, UK). Osteoclast precursors were generated in cultures with M-CSF (30 ng/ml) and RANKL (50 ng/ml; PeproTech, London, UK) [10] . After 3 days, fresh medium supplemented with growth factor M-CSF (30 ng/ml) and RANKL (50 ng/ml), IL-17 ((50 ng/ml, Abcam, London, UK) or blood neutrophils (1 × 10 6 /ml) were added to the cultures. The cells were let for 3 day maturation and specific TRAP staining was performed as previously described [10] . Numbers of nuclei in TRAP+ cells were evaluated. In some experiments blood neutrophils from BALB/c mice were purified and resuspended at concentration of 1 × 10 6 /ml in 10% FCS/RPMI containing IL-17 (40 ng/ml; Abcam, London, UK) for 24 hours, 37˚C. RANKL+ cells are enriched till 8% and OPG amounts are approximately 0.8 ng/ml in those cell cultures [5] . The cells were washed and added to osteoclast cultures.
Statistical Analysis
Results are expressed as the mean ± SEM. Statistical significance of the data was determined with a two-tailed Student t test using InStat3.0 and GraphicPad Prism software. P values less than 0.05 were considered significant.
Results
Cell Transfer of BM Ly6G+ Cells to Zymosan-Injected Recipient SCID Mice
In order to study the homing of neutrophils expressing RANKL under inflammatory and normal conditions we have performed a set of experiments in which BM neutrophils were transferred to SCID mice at the time of zymosan knee injection (Figure 1) . BM cells were isolated from healthy BALB/c mice and purified. The population consists of viable Ly6G+ cells expressing CD11b (Figure 1 ). Neutrophils were labelled with Violet dye at concentration of 2 μM that failed to induce cell apoptosis (data not shown). The cells were transferred into SCID mice at concentration of 1 × 10 8 cells. At the same time SCID mice received knee injection of zymosan (ZY mice) and PBS. The distribution of neutrophils was determined among blood, BM, spleen and synovial fluid cells 3 days of post-zymosan injection. Violet dye+Ly6G+ cells were undetectable in blood probably due to their short half-life of several hours. We also evaluated the frequencies of the transferred cells in the marginated pools. Unlike in PBS injected group, Violet dye+ neutrophils migrated extensively to and accumulated in synovial fluid of zymosan-injected mice ( Table 1) . Labelled cells were detected in the PBS as well in ZY spleens but their frequencies were higher in ZY group ( Table 1) . Our data showed that Violet dye+ Ly6G+ cells in synovial fluid of ZY mice highly expressed RANKL, a molecule involved in osteoclastogenesis and bone destructive processes ( Table 1) . As surface RANKL was barely detectable on Violet dye+ spleen neutrophils we concluded that RANKL-bearing Ly6G+ cells traffic to synovial fluid rather than to other organs.
Neutrophils Promote Pre-Osteoclast Maturation in Vitro
RANKL-bearing neutrophils might contribute directly to the activation and maturation of osteoclasts.
Thus, we next evaluated the effect of neutrophils on osteoclast maturation. BM cells were isolated from BALB/c mice and differentiated to late pre-osteoclasts as shown on schedule in Figure 2(A) .
RANKL and M-CSF were able to induce osteoclast differentiation in a significant number of BM cells (Figure 2(A)-Figure 2(D) ). At the last 3 days pre-osteoclasts were let to mature in the presence of fresh medium containing RANKL/M-CSF, RANKL/IL-17, M-CSF/neutrophils and M-CSF/neutrophils pretreated with IL-17. The latter Ly6G+ population was enriched till 8% of RANKL+ cells (IL-17 pretreated group: 8.5% ± 2.5%; untreated neutrophil group: 1.8% ± 0.2%, P < 0.001, Student t test, see also [5] ). The generated mature osteoclasts were recognized after specific TRAP staining and morphologically contained more than 4 nuclei (Figure 2(B) ). The numbers of TRAP+ multinucleated cells dominated in the cultures with RANKL/ M-CSF (Figure 2(C) ) while dinucleated TRAP+ preosteoclasts were observed in the IL-17/M-CSF group. The presence of neutrophils at the end stage of cultures resulted in the generation of mature osteoclasts similarly to RANKL/M-CSF group (Figure 2(C) ). IL-17 pretreated neutrophils elicited osteoclast numbers (Figure 2(C) ). Moreover osteoclasts in these cultures were with more than 5 nuclei (Figure 2(D) ) suggesting that IL-17 enhanced the potential of neutrophils to promote osteoclast maturation.
Discussion
Neutrophils play a key role in the initiation of inflammation in joint inflammatory diseases like RA. They ac- Figure 1 . Transfer of Ly6G+ CD11b+ cells to zymosan-injected SCID recipient mice. Ly6G+ CD11b+ cells were purified from BM of healthy BALB/c mice and then resuspended at concentration 1 × 10 6 /ml in warm PBS containing Cell Trace Violet dye™ (2 µM; invitrogen) as described in the Section Material and Methods. Cell population consisted of more than 95% viable cells, positive for Ly6G and expressing CD11b. Histogram shows bare expression of RANKL on BM neutrophils in comparison to isotype control staining (mean of fluorescent intensity: MFI). SCID mice (n = 5/group) were intravenously injected with 100 µl of cell suspension (1 × 10 8 cells/mouse). At the time of cell transfer mice were injected intraarticularly (i.a.) at the knee joint with zymosan (ZY group) or PBS (PBS group). On day 3 of cell transfer BM, blood, spleen and synovial fluid (SF) cells were collected and subjected to flow cytometry analyses. The experiment was repeated 3 times. cumulate in the synovial fluid inducing a perpetuation of immune response via secretion of oxygen species, prostaglandins, leukotrienes and wide variety of proteolytic enzymes. Zymosan, a TLR2 ligand, triggers acute and chronic inflammation after intraperitoneal and intraarticular injections [11] [12] . Blood and synovial neutrophils from mice with zymosan-induced arthritis are in primed state and up-regulate TLR2 [5] [11] [12] . The engagement of TLR2 induces neutrophil migration via activation of ERK and p38 MAPK pathways [13] . Our study showed that zymosan knee injection promoted homing of transferred Violet dye+ neutrophils in spleen and migration in synovial fluid. Despite that the frequencies of Ly6G+ cells increased in blood of zymosan-injected mice, we failed to detect labelled neutrophils after 3 days at that location probably because of their short half-life. It has been shown that granulocytes disappear from circulation within 7.2 hours after their transfer in SCID mice and the recovery of the total granulocyte pool occurs within 3 days [14] - [16] . Concerning spleen, Violet dye+ neutrophils can be located in the red pulp and the marginal zone. In human, splenic neutrophils produce B cell stimulating factor (BAFF), a proliferation inducing ligand (APRIL) and IL-21 and stimulate antibody production and somatic hypermutation of marginal zone B cells [17] . The splenic pool of neutrophils is formed after birth in a result of continuous stimulation of circulating cells by microbial products. TLR2 ligand knee injection increased Ly6G+ reservoir unlike in PBS group. This process might be involved chemokine receptor CXCR4 and integrin CD11b which are sensitive to TLR2 stimulation and are able to regulate neutrophil retention [18] . However, more investigations are required to understand the function of the neutrophils in the splenic pool during chronic joint inflammatory conditions. We found that Violet dye+ neutrophils migrated to the synovium of zymosan injected mice. Neutrophil recruitment can be regulated via TLR2 and its interaction with S100A9 (known as migration inhibitory factor-related protein 14 (MRP-14) and CXCR2 [18] [19] . By contrast to splenic neutrophils, synovial Violet+ Ly6G+ cells expressed RANKL. The data confirmed our previous observation for increased frequencies of RANKL+ neutrophils in synovial fluid of mice with zymosan-induced arthritis. It is more likely that Ly6G+ cells obtained this phenotype during trafficking and locally in result of altered environment. Injected at the knee cavity, TLR2 ligand can trigger cytokine (IL-6, IL-8, TNF-α, IL-1, IL-17) and chemokine (macrophage inflammatory protein (MIP)-1α, monocyte chemoattractant protein (MCP)-1) production by fibroblasts, synoviocytes and immune cells. All these factors drive neutrophil chemotaxis and recruitment but can have an impact on RANKL expression as well. Correspondingly, synovial fluid from RA patients increased RANKL expression on healthy blood neutrophils unlike that from healthy donors [7] . It has been shown that TNF, via TNF type 1 receptor (TNFR1) can stimulate RANKL-induced mediators, including c-Src, TNF receptor-associated factor (TRAF)-2, TRAF-6, and MEKK-1 [20] . The recently identified tumor necrosis factor-like weak inducer of apoptosis (TWEAK) in synovial fluid of RA patients and mice with collagen-induced arthritis is able to induce RANKL expression on joint cells [21] . In our previous study, we have demonstrated that IL-17 is a key factor for RANKL expression on neutrophils [5] . We find that the cytokine can interfere with RANKL directly or indirectly via OPG secretion. In cultures, exogenous IL-17 induces RANKL expression on healthy blood neutrophils and BM Ly6G+ cells and up-regulates surface RANKL on arthritic blood neutrophils along with an inhibition of OPG secretion [5] . These effects of IL-17 can be regulated by the engagement of TLR2 [5] . In the present study, RANKL expression on neutrophils is found very early after TLR2 injection (day 3) when bone resorption is still milder. Thus, we built the hypothesis that RANKL-bearing neutrophils in synovial fluid might be important for the initiation of bone resorption. This process involves the maturation and activation of osteoclasts degrading collagen and proteoglycans via production of matrix metalloproteinase. Osteoclast differentiation and maturation is driven directly by RANKL and indirectly by the decoy receptor OPG. Under physiological conditions, RANKL is expressed by stromal cells and osteoblasts in BM. However, under inflammatory conditions, immune cells like T cells, monocytes and neutrophils can express membrane bound RANKL. The molecule is cleaved from the membrane surface by matrix metalloproteinase and accumulates in extracellular matrix, synovial fluid and serum. The level of soluble RANKL as well as RANKL/OPG axis is indicative for severity of bone damage and disease [22] .
In vitro RANKL drives osteoclastogenesis [10] [22] . We found that bone marrow cells differentiated to preosteoclasts for 3 days in the presence of RANKL. According to this in vitro system, the cells undergo maturation for next 3 days of culture and finally are recognized as specific multinucleated TRAP positive cells. There is a positive correlation between the number of nuclei per osteoclast, their ability to form pits on dentine slides and efficiency to resorb bone matrix [23] . We found that the numbers of TRAP+ multinucleated cells dominated in the cultures with RANKL/M-CSF and M-CSF/neutrophils. Indeed IL-17 pretreated neutrophils elicited the formation of osteoclasts and numbers of their nuclei. We thought that IL-17 enhanced the potential of neutrophils to promote osteoclast maturation via up-regulation of RANKL expression and an increase in the numbers of RANKL+ cells. Multinucleated osteoclasts can originate from fused RANK+ mononuclear precursors after their contact to RANKL-bearing neutrophils. RANKL/RANK interaction triggers the expression of fusionmediating molecules such as d2 isoform of vacuolar ATPase Vo domain (Atp6v0d2) and the dendritic cellspecific transmembrane protein (DC-STAMP) [24] . It is also possible that neutrophils deliver additional signals via adaptor proteins containing immunoreceptor activating motif (ITAM) such as DAP12, and FcγR [25] .
In vivo RANKL-bearing neutrophils can interact with mononuclear precursors recruited into synovial fluid. Ly6G+ RANKL+ cells can provide a regulatory loop via the expression of chemokine (CCR2 and CCR4), G protein-coupled receptors and PI3K signaling pathways [26] , all important for acquiring the multinucleated phenotype. It has been shown that RANKL/RANK interaction induces MCP-1 secretion and stimulates TRAP and calcitonin receptor via NF-ATc transcription factor [27] . The interaction between neutrophils and osteoclasts has been visualized by confocal laser microscopy [28] . Indeed it has been shown that RANKL-associated activation of neutrophils is mediated via the tyrosine phosphorylation of Src-homology domain-containing cytosolic phosphatase 1 and subsequent alteration of the cytokine production with impact on osteoclasts [28] .
Conclusion
In summary, our study showed that RANKL-bearing neutrophils were found in synovial fluid very early after the initiation of knee inflammation but failed to populate and replenish the marginated splenic pool. Neutrophils were able to increase the osteoclast maturation of preosteoclasts and this effect could be elicited by IL-17 pretreatment. These data indicated that novel agents limiting bone resorption might be based on interventions inhibiting the migration and numbers of RANKL-bearing neutrophils.
